ABSTRACT. Productivity measures ignoring environmental effects may give misleading information on total productivity growth. Further, business cycles in the form of capacity utilization may significantly influence productivity measures. We develop an overall Malmquist productivity index and decompose changing efficiency rates into a contribution from environmental factors, capital, and capacity utilization. Our new combined capacity utilization element contributes to the literature in that it also takes into account the restriction for producing negative externalities. Empirical applications illustrate that the choice of inputs influences the overall productivity measure and its decomposition into efficiency changes and technical changes, and the capacity utilization element. (JEL C14, O12)
I. INTRODUCTION
An important aspect of economic growth is the environmental externalities following technology choices. Over the last decades, increasing interest has been paid to economic growth and environmental performance. Particularly, technical change is considered a key factor in solving the greenhouse effect. Nevertheless, conventional technical change does not necessarily coincide with environmental efficiency. Including environmental aspects in efficiency change measures enables us to evaluate efficiency changes over time, with respect to both conventional factors and environmental technologies. In this article, we elaborate on earlier productivity analyses in the literature decomposing productivity changes in technical change and efficiency change with respect to the contribution from traditional input factors, environmental factors, and capacity utilization. We develop a new Malmquist index approach that includes elements from this earlier work, and elaborate on a combination of elements that we do not find reported in the earlier literature. Caves, Christensen, and Diewert (1982) introduced the Malmquist productivity index approach as the ratio of two distance functions. The idea came from a seminal paper by Malmquist (1953) , where he developed a standard consumption quantity index as the ratio of a pair of input distance functions. However, Caves, Christensen, and Diewert (1982) encountered computational complications in calculating the distance function directly and were forced to approximate the Malmquist productivity index to a discrete approximation to the Divisia index, the Tö rnquist index. Fä re et al. (1994) provided a method to calculate the index directly in the presence of technical efficiency by noting that the distance function and the technical efficiency measure constructed from nonparametric frontier methods, as DEA, were inversely related. They also relaxed the implicit hypothesis of technical efficiency introduced by Caves, Christensen, and Diewert (1982) and showed that the Malmquist productivity index can be decomposed into technical efficiency change (movement toward the frontier) and technology shifts (shifts in the frontier). Numerous articles use this approach to measure efficiency and productivity change in traditional input factors in several industries (see, e.g., Roos 1998 and Grosskopf 2004 for surveys) .
Since then, productivity analysis based on Malmquist indexes has taken two directions of particular relevance to our approach: (1) introduction of negative externalities (e.g., emissions of greenhouse gases) as either an input or a separate output (see Hailu and Veeman 2001; Yaisawarng and Klein 1994) , and (2) allowing for variation in capacity utilization, when the time span of available data renders this approach necessary (see De Borger and Kerstens 2000; Fä re, Grosskopf, and Kirkley 2000) .
Many studies use negative externalities as undesirable outputs; see, for instance, work by Chung, Färe, and Grosskopf (1997) and Färe, Grosskopf, and Pasurka (2001) , who apply a Luenberger-Malmquist productivity index. In our study, we treat the undesirable output as input based on the implicit function theorem (Rudin 1976) .
1 Following the argument by Pittman (1979 Pittman ( , 1981 and Cropper and Oates (1992) , the characteristics of the emissions are closer to traditional inputs than to traditional outputs.
Many industries are characterized by the production of several outputs, some of which may be considered as negative externalities (e.g., pollution). A reduction of bads leads to an improvement of the productivity index, and vice versa. Pittman (1983) and provide alternative approaches to account for such improvements (see also Fä re et al. 1993) . Useful applications of how environmental regulation may affect productivity in an industry include those by Yaisawarng and Klein (1994) and Reinhard, Lovell, and Thijssen (2000) . Johansen (1987) introduced a measure of plant capacity utilization in productivity analysis. Fä re, Grosskopf, and Kokkelenberg (1989) developed a method to measure capacity in a linear programming model, and De Borger and Kerstens (2000) integrated this approach into the Malmquist index (see also Sena 2001; Färe, Grosskopf, and Kirkley 2000) . This allowed for a decomposition of the productivity changes into frontier shifts, variation in technical efficiency, and capacity utilization.
In our approach, we combine the negative externality and the capacity utilization approaches in a Malmquist index that allows us to decompose productivity changes into traditional technical efficiency and technology shifts. We further decompose the efficiency change into changes in both the restricted detrimental input and capital and the effect of the utilization of variable factors limited by the two restricted factors capital and the environment. We also provide an empirical application to the Norwegian pulp and paper industry.
II. THE DECOMPOSITION
We define an input distance function D t i (x t , y t ) for firm i in year t as
with an input vector x t and output y t in the technology set P t (x t ). As explained in the introduction, we include the detrimental environmental factor in x t as an undesirable input, Pittman (1979 Pittman ( , 1981 and Tyteca (1997) . In line with Fä re et al. (1992) , the distance function is solved with the DEA technique. We define an input-oriented Malmquist productivity index M i ( N ) as 1 Some consider the undesirable output as an output and nothing else. According to the implicit function theorem it may in theory be treated as an input, but what is the practical rationale for treating it as an input, except convenience? Over the last decades environmental degradation has obtained increased political concern, and restrictions with respect to the total amount of undesirable outputs have been introduced, in other words, the introduction of a market for emission allowances implies a shadow price of the restriction. The firms have to consider the cost of emissions when choosing both the technology and the actual operation as they do for any other input. The undesirable output is turned into an ''input variable'' in the choice of technology.
, [2] which equals the inverse of an output- 
The efficiency change,
, [4] represents technical shifts toward the frontier, while the technical change,
captures shifts in the frontier. Let us define plant capacity utilization according to De Borger and Kerstens (2000), Sena (2001) , and Fä re, Grosskopf, and Kirkley (2000) as , [8] as the relative of the distance function taking all inputs into account and the distance function in the environmental direction, where x e t represents environmental factors. Both environmental factors (regulation) and capital restrict the combination of variable inputs. When emissions to air are restricted on the firm level, this limits the input-output combination of other factors, just as the fixed capital equipment restricts the flexibility in the production process. We define a new combined plant capacity utilization that takes into account that the firm is restricted both with respect to capital and on the environment, CU(x, [10] in other words, the standard PCU measure [6] restricted on the environmental constraint. The full decomposition of the efficiency change element then consists of three terms:
The first term, EC c , measures, as in [7] , efficiency changes for capital only. The second term, EC e , measures efficiency changes for the detrimental input, that is, in the environmental direction (change in [8] ). The last element, CUC, captures the changes in the degree of the combined plant capacity utilization over time, that is, the change in all factors relative to the product of the change in capital and environmental factors (change in [9] , see [10] 
The TC e element isolates the average technology change between two periods in the environmental input. This decomposition reveals whether frontier movements in the environmental inputs deviate from general technology changes. This is of particular interest when studying the development of and potential for less environmental damaging technologies. The TC o element is the average technical change between two periods in all inputs relative to the environmental input, measured along two technologies for the same inputs. Hence, if the frontier movements in the environmental input deviate from general frontier movements in conventional inputs, the TC o should deviate from 1.0.
To summarize, the full decomposition of our Malmquist index, We illustrate the decomposition by computing the Malmquist index on an unbalanced panel data set for the years 1992-2002 for the pollution-intensive pulp and paper industries (see Table 1 ). The data set consists of 21 plants for the total of 11 years, but since some firms shut down during this period (compare with an unbalanced data set) the number of observations is 217. 5 The input data consist of labor, intermediate inputs (including energy), capital, and a detrimental input (greenhouse gases). We measure labor in terms of working hours, while we measure the remaining economic inputs and outputs in values (fixed 2000 prices). The firm-specific capital time series are based upon fire insurance values for the first two years in the sample period, annual gross investments, and depreciation:
where C t is the net capital stock in the beginning of year t, C 0 is the fire insurance value, I t is the gross investments in year t, and d is the annual depreciation rate.
6
A greenhouse gas aggregate consisting of emitted CO 2 , CH 4 , and N 2 O, measured in CO 2 equivalents (see Flugsrud et al. 2000) , represents the detrimental input.
To asses the significance of the estimated Malmquist indices we apply bootstrapping (see Simar and Wilson 1998, 1999) . 7 In a stepwise estimation we first estimate the Malmquist index with all the inputs; second, we estimate the Malmquist index with capital and emissions, respectively, as the only inputs; and finally, we calculate the separate components.
IV. RESULTS
In our input-oriented efficiency index, numbers less than one correspond to progress. For illustrative purposes, we follow Färe et al. (1994) and take the reciprocal numbers so that one equals no change; a number greater than one shows progress, and a number less than one shows regress. capital (EC c ) contributed to improve productivity. Capacity utilization, controlling for capital levels and detrimental input (CUC), became less efficient over time and contributed to a reduced overall productivity.
The dominating contributor to the increasing total index is shown to be the technology improvements. This includes only conventional factors. Hence, the relative technical changes for ordinary factors (TC o ) to environmental factors were positive, while the decomposition reveals significant backward movement in the environmental frontier technologies (TC e ) over time. One reason is the exit of a firm with efficient technology in the environmental direction. Second, as plants depreciate, energy efficiency may fall, and emissions and energy are highly correlated (there were no firms entering with improving technology over the period). Third, firms may substitute electricity with fossil fuels but improve efficiency in other input directions.
The lowest TC e level was attained in 1996-1997. This may be due to the relatively low prices of fossil fuels compared to electricity in 1996 when the Norwegian hydropowerdominated electricity market suffered from severe inflow shortages (Bye and Hope 2005) . An increase in electricity prices by almost 50% from 1993 to 1997 induced the substitution of fossil fuels for electricity and increased the emission of CO 2 . This is a relatively simple process in the pulp and paper industry, as electricity and fuel oils are perfect substitutes in steam boilers. Figure 2 illustrates the effect of broadening the productivity definition by including detrimental inputs. The figure shows the traditional Malmquist index excluding these inputs (M trad ), compared to our index M. As shown, the overall productivity improvements are significantly lower when the environmental dimension in the Malmquist index is included. When accounting for traditional inputs only, there have been frontier movements over the period 1992- 1.367
1.285
Note: Standard errors for EC c , EC e , and TC e are not reported, as bootstrapping with only one input and one output is not meaningful. * Significant at the 10% level; ** significant at the 5% level; *** significant at the 1% level.
is weaker frontier movements in the environmental dimension. Figure 3 illustrates our second point, the specification of the plant capacity utilization as part of the efficiency changes. The PCUC trad illustrates that capacity utilization has become less efficient over time, when measuring capacity utilization along the traditional inputs only. 8 The CUC shows that capacity utilization considering also environmental inputs gets even less efficient over time. Our new combined plant utilization index element, CUC, is generally lower than the PCUC trad index element, except for in 1994-1995, when oil consumption, and hence emissions, increased significantly, while the front remained nearly constant. This indicates that environmental considerations are less valued under upswings.
The bootstrapping results, shown in Table 2 , indicate that the traditional Malmquist index (M i,trad ), the traditional technical change (TC trad ), the capacity utilization (CUC), and the efficiency change (EC trad ) are all significant. This is also true for almost all elements in the extended Malmquist index approach, except for the decomposition of efficiency change into efficiency changes in ordinary and in environmental inputs. The capacity utilization factor (CUC), taking into account both capital and the environmental restriction, is significant. This indicates that the environmental restriction should be considered as a restriction on the possibility to utilize capital rather than a restriction on the possibility to adjust capital.
V. SUMMARY
As shown in numerous studies in the literature, efficiency gains disregarding detrimental inputs may be misleading as a productivity measure. When measuring efficiency, capacity utilization is also important, as Johansen (1987) proved in his seminal work. In our paper, we combine earlier developments of the Malmquist productivity index, including detrimental inputs, with the decomposition of technical efficiency changes into contributions from environmental factors, capital, and capacity utilization. Our new combined capacity utilization element is wider than that used in the earlier literature as it also takes into account the restrictions on the production of negative externalities.
Our empirical analysis illustrates that the choice of inputs significantly influences the overall productivity measure and its decomposition into efficiency changes and technical changes. Despite increasing political pressure on CO 2 emission reducing technologies, we do not find any general indication of movements in the CO 2 frontier technologies. We demonstrate that the empirical importance of capacity utilization with respect to all inputs differs significantly from that obtained employing a definition including traditional inputs only. The importance of the new elements is ambiguous, except from the effect on the capacity utilization element. The influence on this element appears to be more in line with ex ante assumptions; the environment loses when plants maximize profit as business activity cycles.
